One of the most intriguing recent discoveries concerning brain function is that intrinsic neuronal activity manifests as spontaneous fluctuations of the blood oxygen level-dependent (BOLD) functional MRI signal. These BOLD fluctuations exhibit temporal synchrony within widely distributed brain regions known as resting-state networks. Resting-state networks are present in the waking state, during sleep, and under general anesthesia, suggesting that spontaneous neuronal activity plays a fundamental role in brain function. Despite its ubiquitous presence, the physiological role of correlated, spontaneous neuronal activity remains poorly understood. One hypothesis is that this activity is critical for the development of synaptic connections and maintenance of synaptic homeostasis. We had a unique opportunity to test this hypothesis in a 5-y-old boy with severe epileptic encephalopathy. The child developed marked neurologic dysfunction in association with a seizure disorder, resulting in a 1-y period of behavioral regression and progressive loss of developmental milestones. His EEG showed a markedly abnormal pattern of high-amplitude, disorganized slow activity with frequent generalized and multifocal epileptiform discharges. Resting-state functional connectivity MRI showed reduced BOLD fluctuations and a pervasive lack of normal connectivity. The child underwent successful corpus callosotomy surgery for treatment of drop seizures. Postoperatively, the patient's behavior returned to baseline, and he resumed development of new skills. The waking EEG revealed a normal background, and functional connectivity MRI demonstrated restoration of functional connectivity architecture. These results provide evidence that intrinsic, coherent neuronal signaling may be essential to the development and maintenance of the brain's functional organization.
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developmental neuroimaging | epilepsy I t has been known since the advent of functional MRI (fMRI) that the blood oxygen level-dependent (BOLD) signal exhibits slow (nominally, <0.1 Hz) spontaneous fluctuations (1). These fluctuations were initially regarded as noise in the context of task-related fMRI. However, in 1995 it was shown that these fluctuations are temporally coherent within widely distributed regions that recapitulate the topography of fMRI responses induced by performance of typical sensory, motor, and cognitive tasks (2, 3) . This phenomenon is known as functional connectivity. Because functional connectivity is most easily demonstrated in quietly resting humans, the associated spatial topographies are now widely known as resting-state networks (RSNs) (3) (4) (5) .
RSNs have been demonstrated in all animal species examined so far (6) (7) (8) . They are present in rudimentary form early in human life (9) (10) (11) and later reorganize as brain development proceeds through childhood (12) (13) (14) (15) . RSNs persist, albeit in somewhat modified form, during task performance (16) , sleep (17, 18) , and even under sedation (7, 19, 20) . Thus, RSNs normally represent a remarkably robust phenomenon.
Little is known about the physiological functions represented by RSNs, however. The available evidence suggests that RSNs reflect slow, synchronous, spontaneous fluctuations of spatially organized neural signaling (21) (22) (23) (24) . This signaling is energetically expensive (25, 26) , implying that it must serve critical functions.
It has been suggested, in very broad terms, that these functions maintain the brain's integrity and increase its capacity to deal effectively with future exigencies (26) (27) (28) ; however, this perspective remains entirely theoretical. In addition to maintaining network integrity, the spontaneous neuronal signaling represented by RSNs also may be involved in the construction or development of neural networks (9, 29, 30) . This case report provides evidence supporting the view that RSNs represent physiological processes critical to the development and maintenance of the brain's functional integrity.
Case Report
The patient is a 5-y-old boy with epileptic encephalopathy (EE) presenting as frequent mixed seizure types, characteristic EEG abnormalities, and developmental regression, collectively known as Lennox-Gastaut syndrome (LGS) (31) . Birth was complicated by twin gestation and delivery at 35 wk gestational age. The neonatal course was uncomplicated, and early development was notable only for mild expressive speech delay. Atypical absence, atonic drop, and generalized tonic-clonic seizures began around age 4 y. Over the next year, the frequency of drop seizures increased progressively (to 5-20/d), accompanied by regression of language skills, toilet training, and social behavior. Multiple courses of antiepileptic drugs failed to control the seizures. Neuropsychological testing with a combination of child tests and parent questionnaires (32-34) revealed abnormal behavior. Structural MRI findings were normal (Fig. 1A) . EEG was markedly abnormal, with absence of an age-appropriate posterior dominant rhythm (35, 36) , variable amplitude delta/theta slowing, frequent generalized slow (2-3 Hz) spike-and-wave discharges, and multifocal spikes (Fig. 1C) .
After evaluation by the multidisciplinary epilepsy team, the patient underwent anterior two-thirds corpus callosotomy for treatment of drop attacks (Fig. 1B ). There were no complications. Postoperatively, there was a nearly complete remission of all seizure types (37, 38) . Remarkably, cognitive development resumed in all areas, including language skills, toilet training, and social behavior. EEG recorded at 4 mo after surgery showed striking improvement; an age-appropriate continuous 8-Hz posterior dominant rhythm was present, and the disorganized background slowing was completely resolved (Fig. 1D) . At 6 mo, formal neuropsychological testing revealed little change relative to the preoperative baseline, but at school, the patient was able to function in a mainstream classroom on a half-day basis.
Results
Seed-Based Functional Connectivity. The preoperative correlation maps corresponding to all seed regions were largely devoid of recognizable RSN architecture and instead were dominated by features attributable to correlated noise in blood vessels, white matter, and cerebrospinal fluid (CSF) (Fig. 2, Middle) . Postoperatively, the correlation maps differed dramatically, with features predominantly in gray matter with age-appropriate structure evident in multiple RSNs (Fig. 2, Right) ; see SI Text for additional illustrative results, including postoperative restoration of normal RSN architecture within the default mode network. Comparable preoperative vs. postoperative functional connectivity MRI (fcMRI) results also were obtained using spatial independent component analysis (30 components) . Homotopic functional connectivity in the postoperative results (i.e., right hemisphere correlations contralateral to left hemisphere seeds) was variable and a clear result of the corpus callosotomy (Fig. 2) .
BOLD Signal Fluctuation Variance. The remarkable postoperative improvement in functional connectivity raised the question of whether the preoperative findings were attributable to an excess of noise or to a lack of signal. To investigate this question, we examined BOLD signal SDs at the level of both voxels and regions of interest (ROIs). The preoperative SD maps showed signal variance predominantly in CSF and vascular spaces (Fig.  3A) ; in contrast, the postoperative SD map showed BOLD signal fluctuations mostly in gray matter (Fig. 3B) . Quantitative results were obtained for the 46 canonical ROIs listed in SI Text (all in gray matter). The preoperative BOLD signal SD averaged over all ROIs was less than the postoperative value by a factor of ∼2 (SI Text). Thus, the preoperative RSN abnormalities can be interpreted as a lack of signal rather than an excess of noise. Discussion EEG and fMRI in the Study of Childhood-Onset EE. EE is a large umbrella category of childhood epilepsy that includes many distinct clinical entities, such as West syndrome and LGS, that themselves may be secondary to a variety of pathophysiologies (39) . Suppression of BOLD RSNs is not recognized as a constant or even common feature of EE. There have been few fMRI studies in this patient population. Three previous studies were based on simultaneous EEG and fMRI recordings without investigation of resting-state functional connectivity (40) (41) (42) . One study of very young children with hypsarrythmia found predominantly positive BOLD responses to EEG epileptiform events and delta range slowing with highly variable localization (42) . In contrast, predominantly negative BOLD responses in regions within the default mode network were observed during bilaterally synchronous EEG spikes in children with continuous spikes and waves during slow sleep (40, 41) .
Although there is no characteristic EEG feature of EE that is most closely associated with clinical disability (43) , there is general agreement that early successful medical or surgical treat- ment is associated with improved developmental outcome (44-47); see SI Text for more discussion of this. Thus, EE appears to be injurious, but the mechanism of injury remains uncertain.
Effects of Corpus Callosotomy on Resting-State Functional Connectivity. The corpus callosum is largely responsible for spread of seizures across the midline (48) . Anterior callosotomy is performed to sever connections supporting seizure generalization while conserving posterior fibers that carry perceptual information. Previously reported postcallosotomy EEG changes include improved background organization and reduced bisynchronous epileptiform discharges (49) , as seen in our patient.
We previously described resting-state functional connectivity in a 6-y-old child with atonic-myoclonic epilepsy who underwent complete callosotomy, with the main point of that report being the nearly complete loss of interhemispheric functional connectivity in the immediate postoperative period (50) . That child differed from the current patient in several respects, with less severe preoperative EEG abnormalities (presence of a 7-Hz posterior dominant rhythm and lack of epileptiform activity in the waking record) and preoperative fMRI showing normal RSNs. In contrast, Uddin et al. (51) described essentially normal interhemispheric functional connectivity in a 74-y-old woman with a remote history (more than 4 decades antecedent) of complete callosotomy. The variable extent of postoperative interhemispheric functional connectivity in our patient most likely reflects preservation of the posterior third of the corpus callosum. However, we note that the intraparietal sulcus regions did not show homotopic functional connectivity (Fig. 2F) , even though the callosal connections of these regions likely were spared. All of these callosotomy cases underscore the point that the relationship between anatomic (axonal) connectivity and functional connectivity (BOLD signal correlation) is complicated, as well as subject to change over time (7, (52) (53) (54) (55) (56) (57) . Suppressed Resting-State Activity. A major finding in the present case is the association of EE, including archetypical clinical and electroencephalographic features, with suppressed spontaneous BOLD fluctuations. Thus, it appears that resting-state BOLD fluctuations of insufficient magnitude may constitute an abnormality. Data defining the range of normal magnitudes in this clinical population are scanty. To evaluate the degree of abnormality in the present case, we computed resting-state regional BOLD signal SDs in a cohort of comparable neurosurgical patients using the same 46 ROIs illustrated in Fig. 4 . Our patient's preoperative resting-state BOLD mean SD was lower than that of all patients in the comparison cohort (70 datasets acquired in 43 patients) (SI Text). Postoperatively, the patient's mean SD was at the lower end of the range in the comparison cohort.
Several groups have reported focally reduced amplitude of lowfrequency BOLD fluctuations in various neuropsychiatric conditions (54, 58, 59) . It is highly likely that these effects are related to the RSN changes associated with many degenerative and psychiatric diseases (for reviews see refs. [60] [61] [62] . Unlike in the present case, previously reported amplitudes of low-frequency BOLD fluctuation effects were focal and often verged on statistical significance. To the best of our knowledge, the observation of globally suppressed spontaneous BOLD fluctuations is novel.
The degree to which suppression of BOLD RSNs corresponds to clinical severity in EE, and more specifically to behavioral regression, is an important question. 18 F-fluorodeoxyglucose (FDG)-PET measurements of the cerebral metabolic rate of glucose (CMRglu) are pertinent to this question. Specifically, Chugani and coworkers (63, 64) defined four categories of LGS according to the level of suppressed glucose metabolism in a small cohort of these patients. Almost all of the patients had some degree of cognitive impairment, but a normal CMRglu was correlated with better intellectual function. The authors found no correlation between local CMRglu and duration or frequency of seizures. Other studies have suggested that static encephalopathy in this population may correlate with reduced CMRglu (65, 66) . FDG-PET studies have indicated that glucose hypometabolism (focal as well as global) generally reverses after successful treatment of EE (66, 67) , which is parallel to the present case. It is important to recognize that glucose metabolism is central to numerous processes apart from energy production that are linked to cellular survival (68) . Thus, depressed CMRglu can be directly related to disrupted development in children with EE.
In our present data, the amplitude of resting-state BOLD fluctuations, as assessed by the SD measure, was lower in the children who underwent callosotomy, all of whom had drop seizures (a correlate of which is cognitive impairment), compared with patients with other conditions, including temporal lobe epilepsy and focal dysplasia (SI Text). There exist suggestive data supporting the notion that suppressed resting-state activity correlates with behavioral impairment. Investigating this question is difficult because sedation, which almost invariably must be administered to enable measurement, itself has an effect on measured BOLD SD (SI Text). Moreover, some patients with EE have preexisting static impairments, such as cerebral palsy and structural abnormalities, that complicate the question of what can be attributed to suppressed brain activity in these cases. But this complication does not apply in the present case, given that the child was clinically nearly normal until the onset of LGS.
Implications Related to the Physiological Significance of RestingState BOLD Fluctuations. RSNs are plastic and reorganize in response to altered sensory input, as in early-onset blindness secondary to retinal injury (69) . RSNs reorganize after vascular brain injury in parallel with recovery of function (70) . In normal volunteers, RSNs can be manipulated experimentally by intensive perceptual training or simply by recent performance of cognitive tasks (71, 72) . These results demonstrate that RSNs are sculpted by experience and are consistent with the notion that ongoing neuronal activity plays a role in recovery of function after injury; however, they fall short of demonstrating that resting-state activity plays a central role in maintaining normal brain function. It is precisely this point on which the significance of the present case rests. The key observation in this case is the association of suspended normal development with suppression of BOLD fluctuations and reversal of both abnormalities after treatment. The implication is that ongoing, temporally coherent neuronal signaling may play a role in maintaining the brain's functional integrity.
It is well established that temporally coherent spontaneous neuronal activity plays a critical role in shaping synaptic weights during brain development (69, 73, 74) . Moreover, it is known that some of the mechanisms regulating synaptic strength in relation to neuronal activity during development persist into adulthood (75) . Such results derive from studies currently classified under the heading of activity-dependent synaptic homeostasis (76) . Much of the synaptic homeostasis literature is based on experiments conducted in vitro or in small animals and is focused on the cellular and molecular mechanisms underlying synaptic plasticity. This area of inquiry may seem far removed from EE. However, our present findings suggest that disordered activity-dependent synaptic homeostasis may well underlie the pathophysiology of EE. Improved understanding of EE as a disease entity could aid the development of a suitable animal model that can illuminate the molecular mechanisms that normally maintain the brain's development and functional integrity. However, as far as we know, no such animal model exists, and thus there is a need to identify more patients with EE to further clarify the importance of spontaneous BOLD fluctuations and their correlation with neurobiological development.
Limitations, Unresolved Issues, and Future Directions. Caution is appropriate when interpreting the findings for any individual patient. Several limitations of the present study can be identified, as follows:
Because of the history of mixed seizures, the patient was maintained on antiepileptic drugs postoperatively. Antiepileptic drugs can affect cognition (reviewed in ref. 77 ) and cerebral glucose metabolism (78) . However, the same antiepileptic drug regimen was maintained over the preoperative and postoperative fcMRI acquisition period, and thus this factor does not account for the patient's clinical course. All fMRI images were acquired with the patient under propofol sedation, which is known to affect RSN topography (79) . However, a detailed analysis including comparable neurosurgical epilepsy patients (SI Text) demonstrated that sedation alone does not account for the present principal findings. Our observations are essentially correlative. We report the associations of suppressed coherent resting-state BOLD fluctuations with seizures, developmental regression, and characteristic EEG abnormalities (LGS). Critically, these associations were reversed, albeit incompletely, after successful treatment. The FDG-PET literature suggests that preoperatively depressed CMRglu, had it been measured, also would have been restored postoperatively. The patient's postoperative clinical improvement cannot be attributed to any of these factors in isolation; rather, our data suggest that RSN activity may play a heretofore underrecognized role in maintaining the brain's functional integrity. Nature provides very few opportunities to observe the behavioral and EEG correlates of reversibly suppressed resting-state BOLD fluctuations. In view of this, we intend to create a prospective registry for imaging these children and following them before and after intervention to study the relationships among resting-state activity, behavior, and development.
Methods
Data Acquisition. Brain MRI (Siemens 3-T TRIO scanner) was performed 1 d before and 1 d after the surgery with the patient on a constant antiepileptic drug regimen. Resting-state BOLD fMRI was added to the clinical protocol after signed informed consent was obtained from the patient's parents in accordance with institutional review board standards. Because of the patient's age and developmental level, all imaging was obtained under propofol sedation (SI Text). Structural imaging included a high-resolution, T1-weighted, magnetization-prepared gradient echo (MP-RAGE) scan and a T2-weighted fast-spin echo scan. Functional data were acquired using a gradient echo, echo-planar sequence sensitive to BOLD contrast (repetition time, 2.07 s; echo time, 25 ms; flip angle, 90°; bandwidth, 2605 Hz; two runs of 7 min each). Whole-brain coverage was obtained in 36 contiguous slices (4 mm cubic voxels). Head motion was minimal in both the preoperative and postoperative fMRI datasets.
Preprocessing of fMRI Data. The fMRI data were preprocessed as described previously (50, 80) . Preprocessing steps included compensation for asynchronous slice acquisition and head motion within and across fMRI runs. Intensity scaling (one multiplicative factor per fMRI run applied to all voxels and all volumes) was used to obtain a whole-brain mode value of 1,000. Registration of the functional data to Talairach atlas space (81) was computed using the patient's T1-and T2-weighted structural images and an atlas-representative template prepared from MP-RAGE images acquired in 24 normal children and young adults; the template generation methodology was described previously (82) . Additional preparation of the fMRI data for correlation analysis included temporal low-pass filtering retaining frequencies below 0.1 Hz and spatial smoothing (6 mm FWHM Gaussian blur). Spurious variance was reduced by regression of the six head motion parameters, the time series derived from ventricular and white matter regions, and the signal averaged over the whole brain (80) .
Correlation Analysis. Forty-six 10-mm-diameter spherical seed regions (ROIs; SI Text) were centered on coordinates associated with task control (83), attention (84) , and default mode functionality (85) , along with additional foci in primary sensory and motor areas. BOLD time series were extracted from each seed ROI. Correlation maps were computed using standard methods (80) . Obtained correlation coefficients were transformed using Fisher's variance-stabilizing z-transform. ROI pair covariances and correlations were computed similarly. Independent component analysis was performed using a modified fast independent component analysis (ICA) algorithm implemented in MATLAB (86) . The covariance between time-dependent signals f i (t) and f j (t) is
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Thus, correlation is covariance normalized by rms deviation (σ). Correlation becomes undefined as the SD of either of the two involved signals approaches.
Sedation. In the subject case, preoperative sedation was induced with a 2.5-mg/kg propofol bolus followed by a 222-μg/kg/min propofol drip. Postoperative sedation used a 2-mg/kg propofol bolus for induction and a 50-μg/kg/min propofol drip during maintenance.
To assess the effect of sedation in the current patient, we analyzed a total of 70 fcMRI studies (both preoperative and postoperative) obtained in 43 other pediatric neurosurgical epilepsy patients. This analysis included only fcMRI data with minimal head motion artifact. The comparison cohort included 12 corpus callosotomies, 13 temporal lobectomies, and 18 lesionectomies. Sedation protocols varied in part because of differences in development and the ability to tolerate MR scanning. In the patients undergoing corpus callosotomy, sedation generally followed the same schedule used in our patient: 200-250 μg/kg/ min preoperatively and 50-100 μg/kg/min postoperatively.
All resting-state data were processed and analyzed as described in Methods. After preprocessing, time series were extracted from the same 46 canonical seed ROIs (Table S1) , and covariance/ correlation matrices were constructed to obtain the same type of results shown in Fig. 4 . Averaging these matrices over the available datasets yielded the results shown in Figs. S3 and S4 . The effects of various levels of sedation on BOLD signal fluctuation magnitude were evaluated by computing regional time series SDs and averaging this quantity over the 46 ROIs. This analysis yielded the results shown in Figs. S5 and S6. In addition, to assess the impact of sedation on cross-RSN interactions, the ROI pairs yielding greatest magnitude (10 positive and 10 negative) off-diagonal ROI pair covariance/correlations were identified, and the results restricted to these matrix cells were averaged over comparably sedated subjects. These cross-RSN results are shown in Figs. S7 and S8. Finally, the preoperative vs. postoperative BOLD signal fluctuation magnitude was examined by exhibiting the 46 ROI mean SD results in a scatterplot restricted to the callosotomy cases (Fig. S9) .
The outcomes of the aforementioned analyses may be summarized as follows: i) Within the comparison cohort (n = 43), RSN organization, as assessed by correlation, was roughly the same at all levels of sedation examined (Fig. S4) . The 46 × 46 covariance and correlation matrices obtained in each individual in the comparison cohort were examined as well (data not shown). In no case was the RSN structure as disorganized as in Fig. 4 A and C. Quantitative results pertaining to this issue are included in Figs. S7 and S8. These figures clearly show that our patient's findings fall outside the range of preoperative results, but not of postoperative results, seen in the comparison cohort. ii) Figs. S3 and S7 show that propofol sedation (any vs. none) affects RSNs, as assessed by covariance. However, there was little difference between relatively high (200-250 g/ kg/min) and low (50-100 g/kg/min) dosing levels. iii)In the 46 ROI mean SD results (Fig. S5) , our patient's preoperative mean BOLD fluctuation magnitude was lower than that of all other datasets (red bar at the left edge of the figure) . Postoperatively (green bar immediately adjacent), the patient's data fell within the range defined by the comparison cohort. Essentially the same result is shown in Fig.  S9 , which covers only the callosotomy subgroup. Fig. S6 shows the same data as in Fig. S5 averaged over patients within various clinical subgroups. Our comparison cohort results are largely compatible with recent reports on the effects of sedation using propofol (2-4) and other agents (5-7) on resting-state BOLD fluctuations. Specifically, there is general agreement that sedation affects RSNs by altering BOLD correlations in a statistically significant manner. A more detailed comparison of previously reported findings and our present findings would be complicated because the studied populations are different (healthy adults vs. pediatric neurosurgical patients) and the dosing levels are only approximately comparable. Nevertheless, it has not been reported, nor do we find here, that sedation at any level relevant to the present work is capable of effectively obliterating resting-state networks. In this same connection, it is noteworthy that all resting-state fMRI studies in animals reported to date have used anesthesia to control motion (e.g., refs. 8-12) while still observing recognizable RSN architecture. We conclude that sedation alone does not account for our key result of suppressed BOLD fluctuations and essentially absent RSNs precallostomy, but not postcallosotomy.
Role of Interictal EEG Abnormalities in Epileptic Encephalopathies. In addition to seizures, the contributions of interictal epileptiform and slow, disorganized background EEG activity to developmental disability in epilepsy patients are being increasingly recognized. Numerous EEG studies have demonstrated deficiencies on cognitive behavioral testing time-locked to simple focal and generalized interictal epileptiform activity (13, 14) . Studies in rats have characterized behavioral and learning deficits resulting from interictal epileptiform discharges both during learning tasks and later during learning consolidation (15) . Characteristic disorganized background EEGs with epileptiform discharges have been implicated in the primary generation of developmental disability in epileptic encephalopathies. Some consider these interictal EEG abnormalities in association with state-dependent encephalopathy as forms of nonconvulsive status epilepticus. Although EEG-recorded neural activity is clearly abnormal in such encephalopathic states, the mechanisms relating this aberrant activity to large-scale brain dysfunction are not well understood.
One distinctive feature of our patient, which provides possible insight into the basis of our findings, relates to the ongoing debate regarding inclusion of certain epileptic encephalopathies as forms of nonconvulsive status epilepticus (NCSE). This case demonstrates the qualities reported by Cross (16) , Lux (17) , and others that have significant similarities to NCSE, defined as a treatmentresponsive behavioral state corresponding to frequent epileptiform discharges on EEG. Although the duration of this behavioral state and the level of impairment may vary, the core features of NCSE remain in cases such as that presented here. (Table S1 ). Our patient's precallosotomy (red) and postcallosotomy (light green) results are shown at the left. The comparison cohort patients are grouped/color-coded according to clinical status. Our patient's preoperative mean SD is less than that of any other dataset. Postoperatively, the same patient falls within the range of the comparison cohort. The error bars indicate 95% confidence interval for the SD mean. The regional BOLD signal time series SD was evaluated after nuisance variable regression (23) . The fMRI data were intensity-normalized to obtain a mode value of 1,000 (Methods). Thus, an SD of 5 represents an rms signal deviation of 0.5% relative to the global mode. (In conventional fMRI, the global mode and whole-brain mean are approximately equal, but computing the former statistic avoids ambiguities associated with defining the brain edge.) Fig. 4) , the ROIs are ordered as in this table.
